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Abstract 


Polymer  composites  incorporating  polyaniline  (PAni)  and  multiwalled  carbon  nanotubes 
(MWNTs)  as  conductive  filler  were  synthesized  and  characterized  using  FT-IR  spectroscopy, 
SEM,  TEM,  and  dc  conductivity  measurements.  The  pure  nanocomposite  powders  were 
significantly  more  conductive  than  PAni,  MWNT,  or  CNFs  alone.  PAni,  MWNT,  CNFs, 
PAni-coated  MWNT  (PAni-MWNT),  and  PAni-coated  CNF  (PAni-CNF)  nanocomposites 
were  also  incorporated  as  conductive  filler  into  the  insulating  matrix,  PMMA,  to  produce  a 
rigid  and  conductive  composite  material  with  well-defined  shape.  The  microwave  properties 
of  these  composites  were  examined  by  determining  the  complex  permittivity  from 
transmission-reflection  waveguide  measurements  in  the  X-band  (8-12  GHz).  PMMA 
composites  containing  PAni-MWNT  or  PAni-CNFs  poorer,  while  PMMA  composites 
containing  PAni  and  MWNT  mixed  ex  situ1  were  better  microwave  absorbers  than  composites 
containing  only  PAni  or  MWNTs. 


Resume 


Des  composites  polymeres  contenant  de  la  polyaniline  (PAni)  et  des  nanotubes  de  carbone 
multiparoi  (NTMP)  servant  d’ agents  conducteurs  ont  ete  synthetises  et  caracterises  par 
spectroscopie  FTIR,  MEB,  MET  et  en  mesurant  la  conductivity  en  courant  continu.  Les 
poudres  de  nanocomposites  purs  etaient  substantiellement  plus  conductrices  que  la 
polyaniline,  les  NTMP  ou  les  nanofibres  de  carbone  (NFC)  seuls.  Des  nanocomposites  de 
polyaniline,  de  NTMP,  de  NFC,  de  NTMP  reconverts  de  polyaniline  (PAni-NTMP)  et  de 
NFC  recouvertes  de  polyaniline  (PAni-NFC)  ont  egalement  ete  incorpores  comme  agents 
conducteurs  dans  la  matrice  isolante  de  PMMA  pour  produire  un  materiau  composite  rigide  et 
conducteur  ayant  une  forme  bien  definie.  Les  proprietes  hyperfrequence  de  ces  composites 
ont  ete  examinees  en  determinant  la  permittivite  complexe  a  partir  de  mesures  de  transmission 
et  de  reflexion  a  l’aide  d’un  guide  d’ondes  dans  la  bande  X  (8-12  GHz).  Les  composites  de 
PMMA  contenant  des  PAni-NTMP  ou  des  PAni-NFC  se  sont  reveles  etre  de  moins  bons 
absorbeurs  de  micro-ondes  que  les  composites  contenant  de  la  polyaniline  ou  des  NTMP 
seulement,  alors  que  les  composites  de  PMMA  contenant  de  la  polyaniline  et  des  NTMP 
melanges  ex  situ 1  se  sont  reveles  etre  de  meilleurs  absorbeurs  de  micro-ondes. 


1  In  situ  is  Latin  meaning  “inside  the  natural  position  or  place.”  In  the  context  of  this  report,  in  situ 
means  in  the  (polymerization)  reaction.  In  contrast,  ex  situ  is  Latin  for  “outside  the  natural  position  or 
place”,  which  in  this  report  means  outside  of  the  (polymerization)  reaction,  or  post-polymerization. 
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Executive  summary 

Introduction 

This  report  summarizes  preliminary  studies  on  the  investigation  of  the  combination  of 
conducting  polymers  (CPs)  and  carbon  nanotubes  (CNTs)  as  potential  RAM.  Organic  CPs 
are  excellent  candidates  for  RAM  because  they  are  intrinsically  strong  microwave  and  mm- 
wave  absorbers  due  to  high  conductivity  at  these  frequencies.  Furthermore,  CPs  alone  or  in 
composites  are  known  to  display  broad-band  microwave  absorption  absent  in  more  traditional 
metal  or  carbon-fibre  based  materials.  CNTs  are  also  good  candidates  for  RAM  because  they 
are  have  high  intrinsic  conductivity  and  demonstrate  favorable  electromagnetic  interference 
(EMI)  shielding  properties  related  to  RAM.  Typically,  conductive  networks  in  a  radar 
absorbing  material  (RAM)  enable  incident  electromagnetic  (EM)  radiation  to  be  dissipated  as 
heat,  due  to  induced  current  flow  within  the  material.  Nanocomposites  formed  between  CPs 
like  poly  aniline  (PAni)  and  CNTs  have  demonstrated  improved  electrical  properties  over  their 
individual  constituents  alone.  Based  on  this  premise,  we  were  interested  to  see  if  PAni-CNTs 
incorporated  into  a  polymer  composite  would  lead  to  a  similar  improvement  in  microwave 
absorption  relative  to  PAni  or  CNTs  alone.  In  this  report,  PAni-CNT  and  PAni-CNF 
nanocomposites  are  synthesized  using  CNTs  and  CNFs  purchased  commercially.  The 
preparation  of  composites  containing  PAni  and  CNTs  or  CNFs  as  conductive  filler  is  also 
detailed  in  this  report.  These  materials  were  characterized  by  FT-IR  spectroscopy,  SEM, 
TEM,  conductivity,  and  complex  permittivity  in  X-band  (8-12  GHz). 

Results 

This  report  is  divided  into  two  parts:  (1)  the  in  situ  synthesis  and  characterization  of 
PAni-CNTs  and  CNFs  nanocomposites,  and  (2)  preparation  and  determination  of  the 
complex  permittivity  of  PMMA  composites  containing  (a)  PAni,  (b)  CNTs,  (c)  CNFs,  (d) 
PAni  and  CNTs,  and  (e)  PAni  and  CNFs.  PAni-CNTs  and  CNF  nanocomposites  were 
successfully  synthesized  in  situ  by  the  polymerization  of  aniline  in  the  presence  of  CNTs  or 
CNFs,  respectively.  PAni-CNT  and  CNF  powders  were  more  conductive  than  PAni,  CNT,  or 
CNFs  alone,  due  to  a  PAni  coating.  When  processed  at  a  relatively  low  wt  %  in  a  PMMA 
matrix,  the  resulting  composites  had  poorer  microwave  properties  relative  to  similar 
composites  with  PAni,  CNTs,  or  CNTs  alone.  In  contrast,  PMMA  composites  containing  ex 
situ  mixed  PAni  and  CNTs  displayed  enhanced  microwave  properties.  This  was  not  the  case 
when  PAni  and  CNFs  were  mixed  ex  situ. 

Significance 

In  order  to  fabricate  an  effective  broad-band  microwave  absorber  for  RAM,  such  as  a 
Jaumann  layer  device,  the  physical  properties  of  potential  materials  must  be  examined  in 
detail.  These  parameters  may  then  be  used  to  model  the  optimum  structures  for  a  multi-layer 
RAM  device.  This  report  provides  preliminary  evidence  that  composites  incorporating  both 
PAni  and  CNTs  (i.e.,  MWNTs)  exhibit  interesting  microwave  properties,  which  can  be 
controlled  by  varying  the  wt  %  of  total  PAni  and  CNTs,  the  ratio  of  PAni :  CNTs,  and  the 
method  of  mixing  PAni  and  CNTs.  The  fabrication  of  composite  materials  with  tunable 
conductivity  and  absorption  at  microwave  frequencies  are  important  for  modeling  the 
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optimum  structures  of  RAM,  such  as  in  a  Jaumann  layer  device,  and  their  subsequent 
fabrication. 

The  magnitude  of  microwave  absorption  is  also  dependent  on  the  batch  of  PAni  (i.e.  synthetic 
conditions)  and  type  of  dopant  used.  Improvements  need  to  be  made  with  dispersing  in  situ 
PAni-CNTs  (or  CNFs)  in  a  composite  and  nailing  down  the  synthetic  conditions  to  reliably 
produce  PAni  with  the  best  microwave  properties. 

Future  plans 

Continuing  work  on  this  project  may  include: 

Further  optimization  of  synthesis  parameters  for  various  doped  PAnis  to  produce  powders 
with  optimum  microwave  properties.  This  would  require  further  characterization  for 
structure-activity  correlations.  Further  improvements  could  also  be  made  in  the  PAni-CNT 
synthesis,  to  control  the  uniformity  and  thickness  of  the  PAni  coating.  It  would  also  be 
advantageous  to  produce  PAni-CNT  nanocomposite  powders  that  can  be  dispersed  at  the 
primary  particle  level.  CNTs  from  a  variety  of  commercial  sources  should  be  investigated  as 
well. 

The  PMMA  composites  synthesized  for  this  report  should  be  characterized  in  greater  detail. 
Further  inspection  of  the  microscopic  structure  and  morphology  of  the  presented  composites 
may  reveal  details  distinguishing  good  microwave  absorbers  from  poor  ones. 

Other  matrices  besides  PMMA  for  composites  should  be  investigated  as  well.  PAni-CNTs 
may  be  more  compatible  with  other  potential  matrix  polymers.  These  may  include 
polystyrenes,  polyvinylchlorides,  polyvinylalcohols,  epoxies  etc. 

This  report  only  details  the  measurement  of  a  few  microwave  properties  over  a  narrow 
frequency  range.  Frequencies  outside  of  the  X-band  should  also  be  explored  as  well  as  other 
microwave  properties  such  as  transmission,  absorption,  reflection,  EMI  shielding 
effectiveness,  and  radar  cross  section  should  be  investigated.  However,  different  frequency 
ranges  require  different  instrumentation. 


Makeiff,  D.  A.;  Huber,  T.;  Saville,  P..  2004.  Complex  Permittivity  of  Poly aniline/Carbon 
Nanotube  and  Nanofibre  Nanocomposites  in  the  X-band.  DRDC  Atlantic  TM  2004-124, 
Defence  R&D  Canada  -  Atlantic. 
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Sommaire 


Introduction 

Le  present  rapport  resume  des  etudes  preliminaries  sur  la  possibility  de  combiner  des 
polymeres  conducteurs  (PC)  et  des  nanotubes  de  carbone  (NTC)  pour  obtenir  des  materiaux 
absorbant  les  ondes  radar  (MAR).  Les  PC  organiques  sont  d’excellents  candidats  pour 
elaborer  des  MAR  parce  qu’ils  sont  intrinsequement  d’excellents  absorbeurs  de  micro-ondes 
et  d’ ondes  millimetriques  en  raison  de  leur  grande  conductivity  a  ces  frequences.  De  plus,  les 
PC  seuls  ou  dans  des  composites  absorbent  les  micro-ondes  dans  une  large  bande  de 
frequences,  ce  qui  n’est  pas  le  cas  des  materiaux  plus  courants  a  base  de  metaux  ou  de  fibres 
de  carbone.  Les  NTC  sont  egalement  de  bons  candidats  pour  elaborer  des  MAR  a  cause  de 
leur  grande  conductivity  intrinseque  et  de  leurs  bonnes  proprietes  de  blindage  contre  les 
interferences  electromagnetiques.  Generalement,  des  reseaux  conducteurs  dans  un  materiau 
absorbant  les  ondes  radar  permettent  de  dissiper  en  chaleur  le  rayonnement  electromagnetique 
incident  a  cause  du  courant  induit  dans  le  materiau.  Les  nanocomposites  formes  de  PC  comme 
la  polyaniline  (PAni)  et  les  NTC  ont  de  meilleures  proprietes  electriques  que  leurs 
constituants  distincts.  Sur  la  base  de  cette  premisse,  nous  avons  cherche  a  determiner  si  des 
PAni-NTC  incorpores  a  un  composite  polymere  apporteraient  une  amelioration  comparable 
dans  1’ absorption  des  micro-ondes  par  rapport  a  la  poly  aniline  seule  ou  aux  NTC  seuls.  Le 
present  rapport  traite  de  la  synthese  de  nanocomposites  PAni-NTC  et  PAni-NFC,  a  partir  de 
NTC  et  de  NFC  commerciaux.  La  fabrication  des  composites  contenant  de  la  polyaniline  et 
des  NTC  ou  des  NFC  comme  agents  conducteurs  est  egalement  decrite  en  detail  dans  le 
rapport.  Ces  materiaux  ont  ete  caracterises  par  spectroscopie  FTIR,  MEB,  MET,  et  en 
mesurant  la  conductivity  et  la  permittivity  complexe  dans  la  bande  X  (8-12  GHz). 

Resultats 

Ce  rapport  est  divise  en  deux  parties  :  1)  la  synthese  in  situ  et  la  caracterisation  des 
nanocomposites  PAni-NTC  et  PAni-NFC,  et  2)  la  fabrication  et  la  determination  de  la 
permittivite  complexe  de  composites  de  PMMA  contenant  a)  de  la  polyaniline,  b)  des  NTC, 
c)  des  NFC,  d)  de  la  polyaniline  et  des  NTC,  et  e)  de  la  polyaniline  et  des  NFC.  Des 
nanocomposites  PAni-NTC  et  PAni-NFC  ont  ete  synthetises  avec  succes  in  situ  par  la 
polymerisation  de  T  aniline  en  presence  de  NTC  ou  de  NFC,  respectivement.  Les  poudres  de 
PAni-NTC  et  de  PAni-NFC  avaient  une  plus  grande  conductivity  que  la  polyaniline,  les  NTC 
ou  les  NFC  seuls  a  cause  du  revetement  de  polyaniline.  Quand  ils  etaient  fabriques  avec  un 
pourcentage  en  poids  relativement  faible  dans  une  matrice  de  PMMA,  les  composites 
resultants  avaient  des  proprietes  hyperfrequence  moins  bonnes  que  des  composites  semblables 
n’utilisant  seulement  que  de  la  polyaniline,  des  NTC  ou  des  NFC.  A  T  oppose,  les  composites 
de  PMMA  contenant  de  la  polyaniline  et  des  NTC  melanges  ex  situ  avaient  de  meilleures 
proprietes  hyperfrequence,  ce  qui  n’etait  pas  le  cas  quand  la  poly  aniline  et  les  NFC  etaient 
melanges  ex  situ. 
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Importance  des  resultats 


II  faut  examiner  en  detail  les  proprietes  physiques  des  materiaux  candidats  en  vue  de  fabriquer 
un  absorbeur  de  micro-ondes  a  large  bande  efficace  pour  les  MAR,  comme  un  dispositif  a 
couche  de  Jaumann.  Ces  parametres  peuvent  ensuite  etre  utilises  dans  la  modelisation  des 
structures  optimales  pour  un  dispositif  a  MAR  multicouche.  Ce  rapport  fait  etat  de  premieres 
indications  que  les  composites  contenant  a  la  fois  de  la  polyaniline  et  des  NTC  (c.-a-d.  les 
NTMP)  ont  des  proprietes  hyperfrequence  interessantes  que  l’on  peut  reguler  en  modifiant  le 
pourcentage  en  poids  de  la  quantite  totale  de  polyaniline  et  de  NTC,  le  rapport  des  quantites 
de  polyaniline  et  de  NTC,  et  la  methode  de  melange  de  la  polyaniline  et  des  NTC.  La 
fabrication  de  materiaux  composites  ayant  une  conductivity  et  une  absorptivite 
hyperfrequence  que  Ton  peut  choisir  a  volonte  est  importante  dans  la  modelisation  des 
structures  optimales  pour  les  MAR,  comme  dans  les  dispositifs  a  couche  de  Jaumann,  et  pour 
leur  fabrication  par  la  suite. 

L’importance  de  l’absorption  des  micro-ondes  depend  egalement  du  lot  de  la  polyaniline 
(c.-a-d.  des  conditions  de  synthese)  et  du  type  de  dopant  utilise.  II  faudra  apporter  des 
ameliorations  a  la  dispersion  in  situ  des  PAni-NTC  (ou  NFC)  dans  un  composite  et  etablir 
clairement  les  conditions  de  synthese  pour  fabriquer  avec  fiabilite  de  la  polyaniline  ayant  les 
meilleures  proprietes  hyperfrequence. 

Travaux  futurs 

La  poursuite  de  ce  projet  pourrait  inclure  les  travaux  suivants  : 

Une  optimisation  plus  poussee  des  parametres  de  synthese  pour  diverses  polyanilines  dopees 
afin  de  fabriquer  des  poudres  ayant  des  proprietes  hyperfrequence  optimales.  Cela  exigerait 
une  caracterisation  plus  poussee  des  relations  structure-activite.  D’autres  ameliorations 
pourraient  egalement  etre  apportees  a  la  synthese  des  PAni-NTC  afin  de  reguler  l’uniformite 
et  l’epaisseur  de  la  couche  de  poly  aniline.  II  serait  egalement  avantageux  de  fabriquer  des 
poudres  de  nanocomposites  PAni-NTC  qui  peuvent  etre  dispersees  au  niveau  des  particules 
primaires.  II  faudrait  egalement  examiner  les  NTC  provenant  de  diverses  sources 
commerciales. 

Les  composites  de  PMMA  qui  ont  ete  synthetises  dans  le  cadre  des  travaux  faisant  l’objet  du 
rapport  devraient  etre  caracterises  plus  en  detail.  Un  examen  plus  approfondi  de  la  structure 
microscopique  et  de  la  morphologie  des  composites  presentes  pourrait  reveler  des 
particularity  permettant  de  distinguer  les  bons  et  les  mediocres  absorbeurs  de  micro-ondes. 

D’autres  matrices  que  le  PMMA  devraient  egalement  etre  examinees  pour  les  composites.  Les 
PAni-NTC  pourraient  etre  plus  compatibles  avec  d’autres  matrices  polymeres,  lesquelles 
pourraient  inclure  des  polystyrenes,  des  composes  de  poly(chlorure  de  vinyle)  et  de 
poly(alcool  de  vinyle),  des  resines  epoxydes,  etc. 

Le  present  rapport  ne  traite  que  de  la  mesure  de  quelques  proprietes  hyperfrequence  sur  une 
gamme  de  frequences  etroite.  Les  frequences  a  l’exterieur  de  la  bande  X  devraient  egalement 
etre  etudiees,  de  meme  que  d’autres  proprietes  hyperfrequence  comme  la  transmission, 
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1’ absorption,  la  reflexion,  l’efficacite  de  blindage  contre  les  interferences  electromagnetiques 
et  la  section  efficace  radar.  Toutefois,  P  etude  des  differentes  gammes  de  frequences  exige 
1’ utilisation  d’appareils  de  mesure  distincts. 


Makeiff,  D.A.;  Huber,  T.;  Saville,  P..  2004.  Permittivite  complexe  de  nanocomposites  de 
polyaniline  et  de  nanotubes  et  de  nanofibres  de  carbone  dans  la  bande  X  :  composites  de 
PMMA.  RDDC  Atlantique  TM  2004-124.  Defence  R&D  Canada  -  Atlantic. 
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1.  Introduction 


The  focus  of  this  project  is  to  investigate  new  raw  materials  for  polymer  composites  with 
potential  for  radar  absorbing  materials  (RAM).  Traditionally,  the  active  ingredients  in  RAM 
are  conductive  fillers  such  as  metals,  carbon  fibres,  or  carbon  blacks/1,21  More  recently, 
conducting  polymers  have  been  investigated  for  RAM  based  on  their  broad-band  microwave 
properties/3'221  which  are  absent  in  the  conductive  fillers  mentioned  above.  Carbon  nanotube- 
based  materials  have  also  shown  good  microwave  properties  for  related  electromagnetic 
interference  (EMI)  shielding  applications/23'261 

The  conductive  networks  present  in  RAM  are  necessary  for  absorbing  microwave  frequency 
electromagnetic  (EM)  radiation.  Incident  EM  radiation  impinging  upon  a  “metallic”  surface 
is  dissipated  as  heat  as  the  electric  field  component  induces  electric  currents  within 
the  conductive  material.  Broadband  microwave  absorption  can  be  maximized  in  combining 
several  resistive  layers,  such  as  in  a  Jaumann  absorber/27,281 

The  overall  objective  of  this  work  is  to  investigate  novel  electronically  conductive  materials 
(i.e.,  PAni-CNT  nanocomposites)  as  potential  RAM.  These  novel  raw  materials  are 
characterized  using  FT-IR  spectroscopy,  SEM  and  TEM  microscopies,  dc  (static)  conductivity 
(<T</C),  and  their  composites  by  their  <jdc  and  complex  permittivity  in  the  X-band  (8-12  GHz). 


1.1  Microwave  Properties 

Microwave  properties  of  materials  can  be  characterized  through  measurement  of  the 
following  macroscopic  physical  properties: 

•  complex  permittivity/dielectric  constant  (/) 

•  complex  permeability  (//*) 

•  frequency  dependent  conductivity 

•  transmission,  absorption,  reflection 

•  EMI  shielding  effectiveness 

•  radar  cross  section  (RCS) 

The  materials  discussed  in  this  report  were  characterized  by  their  conductivity  and  complex 
permittivity  (s*)  at  X-band  frequencies  (8-12  GHz).  The  complex  permittivity  of  a  material  is 
expressed  as 

s  —  (^Sy  -ier  ^)Sq  (1) 
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When  an  incident  beam  of  electromagnetic  radiation  impinges  upon  a  “metallic”  surface,  the 
electric  field  induces  electrical  currents  within  the  material,  which  have  both  capacitive  and 
resistive  components. [29]  Capacitive  currents  generated  are  90°  out  of  phase  with  the  applied 
electric  field  (AC)  voltage,  and  can  be  related  to  the  real  permittivity  (<s,r').  Typically, 
capacitive  currents  result  from  polarization  due  to  bound  charges  or  dipoles  and  can  give  rise 
to  polarization.  The  resistive  currents  also  generated  within  the  material  arise  from  free 
electrons  (or  metallic  states),  are  in  phase  with  the  applied  voltage,  and  give  rise  to  dielectric 
loss  (sr").  The  microwave  conductivity  crmw  can  be  calculated  from  the  complex  permittivity 
using  the  expression: 

^mw  —  2  7lf'sr  £()  (2) 

where /is  the  frequency  of  incident  beam  of  electromagnetic  radiation.  For  pure  electronic 
conduction,  s'  should  be  constant  while  s”  increases  with  decreasing  frequency /[30]  Note  that 

^mw  =  £*dc  +  <Tic  (3) 

A  useful  measure  of  absorption  at  microwave  frequencies  is  the  loss  tangent  ( tanS)}3l] 
tan8-  sr"tsr'  (4) 

Materials  with  tan 8 >  1  are  considered  lossy  materials,  tan 8 values  in  the  order  of  10  are 
considered  to  indicate  strong  absorption  of  radiation  at  a  given  frequency. [31] 

1.2  Polyaniline 

PAni  has  received  considerable  interest  for  RAM  due  to  the  following  properties: 

•  light  weight 

•  environmental  stability 

•  cheap  synthesis 

•  controllable  conductivity  through  doping  with  various  Bronsted  acids 

PAni  exists  in  several  different  oxidation  states  (Figure  1),  such  as  the  fully  reduced  or 
leucoemeraldine  base  (PAni-LB),  (2)  fully  oxidized  or  pemigraniline  base  (PAni-PB),  or  the 
half-oxidized  emeraldine  base  (PAni-EB),  which  features  alternating  benzenoid  and  quinoid 
repeat  units.  PAni-EB  is  the  most  important  form  and  is  relatively  insulating,  but  can  be  made 
9  to  10  orders  of  magnitude  more  conductive  upon  protonation  of  the  imine  nitrogens  with 
suitable  acids  to  give  the  emeraldine  salt  (PAni-ES,  Figure  1);  a  process  known  as  chemical 
doping. 

The  main  drawbacks  with  PAni-ES  are  the  low  solubility,  infusibility,  and  intractability  as  a 
solid,  which  makes  processing  relatively  difficult.  Furthermore  PAni-ES  alone  has  poor 
mechanical  properties  due  to  it’s  rigid  polymer  backbone.  Despite  the  drawbacks,  many 
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conductive  PAni-ES  composites  with  low  percolation  thresholds  (pc )  have  been  reported  in 
polymer  blends/composites. [32,33] 


PAni-EB 


Figure  1.  Repeating  structures  of  various  forms  of  Polyaniline. 

1.3  Carbon  Nanotubes 

Carbon  nanotubes  are  tubular  sheets  of  graphite  available  as  single  or  multiwalled  structures 
(SWNTs  or  MWNTs,  respectively)  and  are  well  known  for  their  excellent  intrinsic  electrical, 
thermal,  and  mechanical  properties. [34,35]  CNTs  are  insoluble,  highly  intractable,  and  infusible 
solids,  which  makes  processing  into  a  useful  form  difficult.  CNTs  are  also  difficult  to  disperse 
in  liquids  because  their  structures  are  mechanically  entangled  and  hightly  bundled  due  to 
strong  van  der  Waals  interactions.  This  poses  a  major  challenge  for  producing  usable 
materials. [36]  CNTs  are  also  commercially  expensive,  mainly  because  of  the  difficulty  in 
producing  CNTs  in  high  purity  and  with  as  few  structural  defects  as  possible.  Considerable 
effort  has  been  invested  by  several  research  groups  to  improve  the  processibility  of  CNTs 
through  both  covalent[37'4f]  and  noncovalent[42  45] surface  modification.  Despite  the  drawbacks, 
several  successful  attempts  have  produced  CNT/polymer  composites,  which  show  good 
conductivity  at  low  loading. [44'49] 
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1.4  Polyaniline-Carbon  Nanotube  Nanocomposites 


A  promising  theme  that  has  developed  recently  is  the  formation  of  CP/CNT  nanocomposites 
by  combining  CPs  such  as  PAni,[50'66]  polypyrrole  (PPy),[67'71]  poly(3-octylthiophene),[72] 
polyethylene  dioxythiophene  (PEDOT),[73]  poly(p-phenylene  vinylene),[74,75]  and  poly{m- 
phenylenevinylene)-c<9-[(2,5-dioctyloxy-/?-phenylene)vinylene]}[76'80]  with  SWNT  or 
MWNTs.  Synergistic  effects  between  CP  and  CNT  have  been  proposed  to  result  in  materials 
with  enhanced  properties  over  their  individual  constituents.  This  synergistic 
effect  should  arise  from  multiple  interactions  between  the  CNT  surface  and  the  CP  backbone. 
The  high  conductivity  and  aspect  ratio  of  CP/CNT  nanocomposites  dispersed  in  an  insulating 
polymer  matrix  should  give  a  composite  with  improved  electrical,  thermal,  and  mechanical 
properties. 

Several  research  groups  have  reported  the  synthesis  of  PAni-coated  CNT  nanocomposites 
(PAni-CNT)  and  their  various  physical  properties. [50'53,55’66,81]  The  first  PAni-CNT  reported 
was  produced  by  electrochemical  polymerization  of  aniline  onto  CNT  electrodes. [62,65,66] 
Cochet  and  coworkers  were  the  first  to  chemically  polymerize  PAni  onto  multiwalled 
nanotubes  (MWNTs)  to  give  nanocomposites  with  enhanced  electrical  properties. [64]  Others 
have  reported  conductivity  enhancements  of  up  to  25-fold  at  as  low  as  10  wt  %  CNTs.[55" 
57,59,61,64,82]  wd  and  COWorkers  used  sulfonated  MWNTs  (MWNT-(0S03H))  to  dope  PAni- 
EB.[83]  The  conductivities  for  PAni-MWNT-(0S03H)  nanocomposites  were  significantly 
higher  than  for  undoped  PAni-EB  at  low  MWNT-(0S03H)  loading. [83]  The  electrical 
properties  of  PAni-CNT  relative  to  the  individual  components  are  likely  highly  dependent  on 
the  quality  of  the  CNTs  used  as  well  as  dopant  and  degree  of  doping  of  the  PAni  coating. 
Related  nanocomposites  with  substituted  PAni  and  CNTs,[50,60]  as  well  as  PAni  and  graphite[56] 
or  carbon  nanofibres  (CNFs)[63,84]  have  also  been  reported. 

For  this  report,  we  wanted  to:  (1)  investigate  the  feasibility  of  the  synthesis  of  new 
PAni-CNT  and  PAni-CNF  conductive  nanocomposites,  (2)  investigate  processing  PAni, 
CNTs,  CNFs,  PAni-CNT,  PAni-coated  CNFs  (PAni-CNF)  separately  into  usable  forms  to  (3) 
investigate  if  synergistic  effects  between  PAni  and  CNTs/CNFs  can  give  composites  with 
enhanced  microwave  properties  (i.e.,  X-band  complex  permittivity)  over  composites 
containing  their  individual  constituents.  (1)  has  already  been  accomplished  ( vide  supra). 
Regarding  (2),  conductive  composites  containing  PAni-CNT  or  PAni-CNF  nanocomposites 
as  filler  have  not  been  reported.  Finally,  the  microwave  properties  of  PAni-CNT  or 
PAni-CNF  materials  have  not  been  explored. 
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2.  Experimental 


2.1  Synthesis 

2.1.1  Polyaniline 

Doped  PAnis  were  synthesized  using  the  well  known  chemical  oxidative  polymerization 
procedure  using  ammonium  persulfate  (APS).[85J  The  ratio  of  aniline  :  APS  was  fixed  at  1  :  1 
(47.0  mM  each).  The  sulfonic  acids  para- toluene  sulfonate  (pTsA),  2-naphthalene  sulfonic 
acid  (NSA),/?ara-dodecylbenzenesulfonic  acid  (DBSA),  2,5-naphthalenedisulfonic  acid 
(NDSA),  and  benzenesulfonic  acid  (BSA)  were  used  as  dopants  (1  M),  because  their  salts 
with  PAni  possess  good  conductivity  and  are  thermally  stable.  Water  or  ethanol  (95  %)  were 
used  as  the  reaction  solvents.  Reactions  were  conducted  in  closed  containers  under  ambient 
conditions  or  in  a  environmental  chamber  (Tenney)  between  0-5  °C. 

2.1 .2  Polyaniline-Multiwalled  Nanotube/Polyaniline-Carbon 
Nanofibre  Nanocomposites 

Nomenclature: 

•  Nli  -  PAni-pTsA  coated  MWNT  nanocomposites  (in  situ ) 

•  N2i  -  PAni-pTsA  coated  CNFs  (in  situ ) 

•  N3i  -  PAni-NSA  coated  CNFs  (in  situ ) 

•  Nle  -  PAni-pTsA  mixed  with  MWNTs  (ex  situ) 

•  N2e  -  PAni-pTsA  mixed  with  CNFs  (ex  situ) 

“ In  situ ”  method:  Nanocomposite  Nli  was  prepared  similarly  to  nanocomposites  from  a 
reported  in  situ  polymerization  procedure. [64]  For  this  work,  reactions  were  conducted  in  both 
water  and  ethanol;  the  latter  was  preferred  because  MWNTs  and  CNFs  dispersed  better  in  that 
medium.  A  representative  example  of  a  synthesis  is  as  follows.  pTsA  (4.78  g,  25.1  mmol) 
and  aniline  (150  pL,  1.65  mmol)  were  dissolved  in  ethanol  (30  mL).  MWNTs  (30-100  mg, 
from  Aldrich  :  95  %,  diam.  =  20-50  nm,  length  =  5-20  pm)  were  then  added  to  the  solution 
with  stirring.  The  mixture  was  sonicated  in  an  ultrasonic  bath  (12  W  and  55  kHz  or  100  W 
and  47  kHz)  for  at  least  5  min  and  then  cooled  to  0  °C.  A  precooled  solution  of  APS  (369  mg, 
1.62  mmol)  in  5  mL  ethanol :  water  (3  :  2)  was  then  added  and  the  reaction  was  stirred  for  ~20 
h.  The  reaction  mixture  was  then  filtered  using  a  medium  porosity  glass  frit  and  thoroughly 
washed  with  ethanol  and  acetone  until  each  filtrate  was  colorless  to  a  give  dark  green/black 
powder,  which  was  dried  in  vacuo  for  24  h. 
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N2i  powders  were  prepared  using  the  “in  situ ”  method,  except  that  MWNTs  were  replaced 
with  CNFs  (Pyrograf  Products  Inc.,  P-II,  grade  RR-24-PS-LD,  batch  #130). 

N3i  powders  were  prepared  using  the  “in  situ ”  method,  except  that  NSA  was  used  instead  of 
pTsA. 

Note  that  for  Nli,  N2i,  and  N3i  the  wt  %  MWNT  or  CNF  in  the  final  product  was  calculated 
under  the  assumption  that  no  loss  of  MWNT  or  CNF  mass  occurred  during  the  workup. 

“Ex  situ ”  method:  Nanocomposites  Nle  and  N2e  were  prepared  by  dry  mixing  PAni-ESs 
with  MWNTs  or  CNFs  with  one  acrylic  ball  in  a  polystyrene  vial  using  a  ball-mill  for  30  min. 

2.2  Poly(methyl  methacrylate)  Composites 

PMMA  (Buehler  transoptical  powder)  and  hydroquinone11  were  mixed  with  the  conductive 
filler(s)  (i.e.,  MWNTs,  CNFs,  Nla,  or  N2a)  with  an  acrylic  ball  in  a  polystyrene  vial  via  ball¬ 
milling  for  30  min.  The  visually  homogeneous  powders  obtained  were  then  transferred  into 
the  loading  chamber  of  a  Buehler  mounting  press  equipped  with  a  heating  mantle,  compressed 
to  80  psi.,  and  heated  for  30  min.  During  this  time,  the  temperature  was  monitored  using  a 
thermocouple  to  change  from  room  temperature  to  -145  °C.  After  30  min,  the  heating  mantle 
was  removed  and  replaced  with  a  water  condenser  to  cool  the  samples  enough  to  be  removed 
as  rigid,  plastic  disks,  which  were  then  carefully  machined  to  the  dimensions  of  a  rectangular 
X-band  waveguide  (10.16  x  22.86  mm). 

2.3  Fourier  Transform-Infrared  Spectroscopy 

IR  spectra  were  recorded  using  a  Nicolet  Nexus  670  Fourier  Transform-Infrared  (FT-IR) 
spectrometer. 

2.4  Electron  Microscopy 

Samples  for  scanning  electron  microscopy  (SEM)  images  were  gold  sputter-coated  and 
imaged  using  a  JEOL  LEO  1455VP  instrument.  Samples  for  transmission  electron 
microscopy  (TEM)  images  were  deposited  onto  holey  carbon  coated  copper  grids  and  imaged 
using  a  Hitachi  H-7000  instrument. 

2.5  Conductivity  Measurements 

The  DC  conductivity  ( <jdc )  of  PAni,  MWNT,  CNF,  nanocomposites  Nli,  N2i,  Nle,  and  N2e 
powders  were  determined  on  13  mm  compressed  pellets  (15  psi  for  1  min)  using  a  Jandel 
four-point  probe  (gold  probes  spaced  1  mm  apart).  Current  was  applied  through  the  outer 
probes  from  a  Hewlet-Packard  6224B  voltage  supplier  and  was  measured  with  a  Hewlett- 


11  Hydroquinone  was  added  to  plasticize  PAni. 
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Packard  34401 A  multimeter.  The  voltage  drop  was  measured  between  the  two  inner  probes 
using  a  Fluke  8000A  multimeter. 

Ode  for  PMMA  composites  could  not  be  determined  using  the  four  point  probe  method 
because  of  high  contact  resistances.  Therefore,  odc  was  determined  by  applying  silver  paint  to 
the  short  ends  of  the  rectangular  samples  and  measuring  the  resistance  ( R )  down  the  length  of 
the  sample  between  them.  The  dc  conductivity  (odc)  down  the  length  of  each  sample  was 
calculated  using  the  equation: 

odc  -  L/R  x  A 

where,  A  is  the  area  of  each  silver  paint  electrode  (in  cm2).  The  odc  values  obtained  were 
accepted  as  true  values  based  on  the  agreement  with  the  microwave  conductivity  ( omw )  values 
at  10  GHz. 

2.6  Permittivity  Measurements 

Reflectivity  measurements  from  8  to  12  GHz  were  made  using  an  HP8720C  vector  network 
analyzer.  The  real  and  imaginary  components  of  the  permittivity  were  determined  from  the 
SI  1  and  S21  parameters  using  a  procedure  similar  to  a  recently  reported  modified 
transmission-reflection  method.[86] 
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3.  Results  and  Discussion 

3.1  Synthesis 

Polyanilines  (PAnis)  were  synthesized  by  a  standard  literature  procedure  involving  the 
chemical  polymerization  of  aniline  in  acidic  solution  (water  or  ethanol)  in  the  presence  of  the 
initiator  ammonium  persulfate  (APS). 

Four  classes  of  nanocomposites  were  prepared:  Nli,  N2i,  Nle,  and  N2e  (refer  to  section  2.1.2 
for  nomenclature).  Nanocomposites  Nli  and  N2i  were  prepared  via  the  in  situ  polymerization 
of  aniline  in  the  presence  of  CNFs  and  MWNTs,  respectively.  Nanocomposites  Nib  and  N2b 
were  prepared  via  the  ex  situ  mixing  of  PAni-pTsA2  powder  with  CNF  and  MWNT  powders 
respectively.  Ex  situ  mixing  was  accomplished  via  ball-milling  the  dry  powders  together  for 
30  min.  Nla,  Nib,  N2a,  and  N2b  were  all  prepared  at  varied  ratios  of  PAni  :  CNF  or  MWNT. 

3.2  Microscopy 

The  presence  of  a  PAni  coating  in  nanocomposites  Nli  and  N2i  was  observed  using 
transmission  electron  microscopy  (TEM)  and  scanning  electron  microscopy  (SEM).  Nli  and 
N2a  are  more  easily  distinguished  from  uncoated  CNT  and  CNFs,  respectively,  by  TEM. 

TEM  images  clearly  show  a  PAni  sheath  coating  the  MWNTs  (Figure  3b)  and  CNFs  (Figure 
3d),  which  is  absent  on  the  uncoated  structures  (Figures  3a  and  c,  respectively).  Qualitatively, 
the  uniformity  and  thickness  of  the  PAni  coatings  appeared  to  depend  on  the  wt  %  CNT  and 
CNFs  used  in  the  reactions.  In  Figure  3b,  the  diameter  of  the  PAni  coating  appears  to  be 
twice  that  of  the  embedded  NT.  SEM  images  also  qualitatively  show  that  Nli  and  N2i  are 
slightly  thicker  and  have  a  rougher  surface  appearance  compared  to  uncoated  CNT  and  CNFs 
(Figure  2).  The  absence  of  loose  particulate  in  Nli  and  N2i  suggests  that  the  increased  mass 
of  the  CNT  and  CNFs  after  subjecting  to  in  situ  polymerization  is  due  to  a  PAni  coating.  No 
significant  change  in  mass  was  recorded  when  CNT  and  CNFs  were  subjected  to  the  reaction 
conditions  without  aniline,  ruling  out  a  change  in  mass  due  to  anything  but  PAni. 
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Figure  2.  SEM  images  of  a)  uncoated  CNFs,  b)  nanocomposite  Nli,  c)  uncoated  MWNTs,  and  d) 
nanocomposite  A/2/. 


DRDC  Atlantic  TM  2004  -  124 


3.3  Fourier  Transform-Infrared  Spectroscopy 


FT-IR  spectra  were  recorded  on  the  Nli  (Figures  5)  and  N2i  (Figures  6  and  7)  synthesized  in 
this  study  to  probe  potential  interactions  between  the  PAni  coating  and  carbon. 


All  nanocomposite  samples  showed  typical  absorptions  attributable  doped  PAni-pTsA: 

.  3202,  3071  cm'1  (N-H  str.)  .  1122  cm'1  (C-H  bend) 

.  1606,  1577  cm'1  (N=Q=N  ring  strf  .  875  cm'1  (C-H  bend) 

.  1465  cm'1  (N-B-N  ring  str),  .  813  and  795  cm'1  (C-H  bend) 

.  1301  cm'1  (Q=N-B  str.)  .  677  cm'1  (C-C  bend) 

.  1 156  cm'1  (N=Q  vib.)  .  1030,  1006  cm'1  (S=0  str). 


In  addition,  previously  reported  interactions  between  the  PAni  backbone  and  CNT  and  CNFs 
were  also  observed  for  Nli  and  N2i.[59],[58]  First,  a  strong  broad  signal  near  3400  cm'1  is 
present  for  both  Nli  (Figure  5)  and  N2i  (Figure  7),  which  is  absent  in  the  spectrum  for 
PAni-pTsA  alone  (Figures  5a,  6a,  and  7a).  Signals  in  this  region  have  been  observed 
previously  and  are  speculated  to  arise  from  charge  transfer  interactions  between  the  PAni 
N-Hs  and  MWNTs.[59]  A  signal  located  at  -1240  cm'1  for  PAni-ES,  normally  attributed  to 
Cn— N,  increased  in  relative  intensity  with  increasing  wt  %  MWNT  and  CNFs.  Also  a  new 
signal  emerged  at  1220  cm'1,  which  is  absent  for  PAni  alone.  Baibarac  and  coworkers  have 
previously  attributed  these  signals  to  C-N+  stretching  in  proposed  structures  1  and  2, 
respectively  (Figure  4).[58]  Finally,  the  relative  intensities  of  the  sharp  signals  at  -1122-1156 
cm'1  also  increase  with  wt  %  CNF  or  MWNT.  These  signals  are  normally  attributed  to  a  mode 
of  Q=N+H-B  or  B-NH-B  stretching.1 [58] 


Figure  4.  Possible  Polyaniline-carbon  nanostructure  complex  structures  (carbon  nanostructures 
(CNS)=  carbon  nanotubes  or  carbon  nanofibres). 


111  Q  =  Quinoid.  B  =  Benzenoid 
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Figure  5.  FT-IR  spectra  (KBr)  of  a)  PAni-pTsA,  b)  Nli  (8  wt  %  MWNT),  c)  Nli  (19  wt  %  MWNT),  d)  Nli 
(27  wt  %  MWNT),  e)  Nli  (43  wt  %  MWNT). 


A 


~3500  3000  2500  2000  1500  100o" 

Wavenumber  (cm-1) 


Figure  6.  FT-IR  spectra  (KBr)  of  a)  PAni-pTsA,  b)  N2i  (15  wt  %  CNF),  c)  N2i  (30  wt  %  CNF),  d)  N2i  (48 
wt  %  CNF),  e)  N2i  (75  wt  %  CNF). 
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Figure  7.  FT-IR  spectra  (KBr)  of  a)  PAni-pTsA,  b)  N2i  (15  wt  %  CNF),  c)  N2i  (30  wt  %  CNF),  d)  N2i  (48 
wt  %  CNF),  e)  N2i  (75  wt  %  CNF). 

3.4  The  DC  Conductivity  of  Bulk  Polyaniline-Carbon 
Nanofibre  Nanocomposites 

Several  synthetic  parameters  for  Nli  and  N2i  were  adjusted  to  obtain  products  with  the 
highest  possible  conductivities.  Most  of  the  preliminary  work  was  conducted  for  N2i, 
because  CNFs  are  less  expensive  than  MWNTs.  We  hoped  that  a  changes  to  the  synthetic 
conditions  for  the  formation  of  N2i  would  have  a  similar  effect  in  the  formation  of  Nli,  since 
MWNTs  and  CNFs  have  some  structural  similarities;  both  possess  graphite  surfaces.  In  situ 
chemical  oxidative  polymerization  of  aniline  in  the  presence  of  CNFs  was  carried  out  using  a 
procedure  similar  to  previous  reports  using  APS.[87]  pTsA  and  NS  A  were  used  as  the  dopants 
because  of  their  interesting  microwave  absorption  properties  (vide  infra).  Ethanol  was 
preferred  over  water  as  the  solvent  because  CNFs  dispersed  better  in  ethanol,  and  reactions  in 
ethanol  furnished  more  conductive  products  in  higher  yield  (Table  1).  Reactions  were  run  at  0 
°C  because  more  conductive  products  in  higher  yields  were  obtained  (Table  2). 
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Table  1.  DC  conductivity  (<JdC)  and  yields  of  nanocomposites  N2i  synthesized  in  different  solvents  at 

various  wt  %  CNF. 


<rdc  (S/cm)  yield  (mg) 


wt  %  CNF 

water 

ethanol 

water 

ethanol 

30 

10.5 

13.2 

165.0 

182.9 

60-65 

17.2 

29.5 

313.1 

333.3 

75-79 

16.9 

31.9 

500.1 

541.4 

N2i  =  PAni-coated  CNFs. 


Table  2.  DC  conductivity  (<Jdc)  and  yields  for  PAni-pTsA  and  N2i  synthesized  at  0  and  25  °C. 


CNF  (mg) 

T  (°C) 

Ode  (S/cm) 

yield  (mg) 

PAni-pTsA 

- 

0 

2.6 

164.3 

PAni-pTsA 

- 

25 

1.6 

74.5 

N2i 

104.8 

0 

19.3 

222.4 

N2i 

106.3 

25 

15.9 

197.5 

N2i  =  PAni-coated  CNFs. 

The  untreated  CNFs  (and  MWNTs)  used  in  this  study  exist  as  mechanically  entangled  masses. 
CNFs  are  very  hydrophobic,  which  leads  to  aggregation  in  polar  media  such  as  ethanol  or 
water  due  to  strong  van  der  Waals  interactions.  Therefore,  to  get  a  uniform  PAni  surface 
coating,  CNFs  and  MWNTs  have  to  be  sufficiently  dispersed  in  the  reaction  medium.  This 
can  be  done  using  an  ultrasonic  bath.[36]  The  dispersion  and  fracture  of  solids  in  a  liquid 
medium  subjected  to  ultrasonication  occurs  via  cavitation,  which  is  the  formation  and 
implosion  of  tiny  vacuum  bubbles.  Lower  ultrasonic  frequencies  produce  larger  bubbles, 
which  collapse  more  violently  and  are  more  destructive.  In  this  study,  CNFs  (and  MWNTs) 
were  dispersed  in  water  or  ethanol  using  an  ultrasonic  bath  for  varied  lengths  of  time  and  at 
different  frequencies  (55  kHz  and  47  kHz). 

The  effect  of  sonication  time  prior  to  APS  addition  on  <jdc  values  for  Nli  and  N2i  is  shown  in 
Table  3.  For  N2i,  sonication  times  between  5  and  360  min  did  not  have  a  significant  impact 
on  <jdc.  <jdc  decrease  very  little  after  longer  times  (Table  3).  Sonication  time  also  doesn’t 
appear  to  have  a  significant  impact  on  the  <jdc  for  Nli.  Based  on  crdc  data  alone,  sonication 
time  and  frequency  an  insignificant  impact  on  product  formation  and  crdc. 
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Table  3.  DC  conductivity  (<Jdc)  of  nanocomposites  Nli  and  N2i  synthesized  from  reaction  mixtures 
subjected  to  ultrasonication  prior  to  APS  addition. 


Ode  (S/cm) 

time 

55  kHz 

47  kHz 

(min) 

N2i 

5 

19.3 

- 

N2i 

60 

20.4 

- 

N2i 

180 

20.7 

26.2 

N2i 

360 

16.7 

21.5 

Nli 

5 

18.4 

- 

Nli 

180 

18.4 

- 

Nli  =  PAni-coated  MWNTs,  N2i  =  PAni-coated  CNFs. 


Figure  8  shows  <Jdc  of  PAni-pTsA  nanocomposites  synthesized  with  varying  wt  %  CNF  under 
the  same  conditions.  <jdc  increases  linearly  with  wt  %  CNF  to  values  significantly  exceeding 
the  two  individual  components;  i.e.,  ~10  times  greater  than  PAni-pTsA  and  ~30  times  greater 
than  CNF  alone.  This  behaviour  is  interesting  and  does  suggest  synergy  between  the  PAni 
and  CNFs. 
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Figure  8.  DC  Conductivity  (<?dc)  and  pellet  density  vs.  wt  %  CNF  for  nanocomposite  N2i  synthesized  in 
ethanol. 

Nanocomposites  N2e  were  also  prepared  by  ex  situ  mixing  of  PAni-pTsA  and  CNF  powders 
(section  2.1.2).  In  contrast  to  N2i  pellets,  N2e  pellets  containing  a  1  :  1  ratio  of  PAni-pTsA  : 
CNF  displayed  much  lower  conductivity  and  mechanical  stability,  making  <jdc  measurements 
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difficult.  Physical  interactions  between  the  PAni-pTsA  coating  and  the  pi-conjugated  surface 
of  the  CNFs  may  be  contributing  to  the  increase  in  <Jdcfox  the  in  situ  product,  N2i. 

PAni-NSA-coated  CNFs  were  also  synthesized  by  in  situ  polymerization.  It  is  well  known 
that  the  conductivity  of  doped  PAnis  are  influenced  the  type  of  acid  dopant.[88,89]  Figure  9 
compares  crdc  for  N2i  and  N3i  nanocomposites  as  a  function  of  wt  %  CNF.  Both  sets  of  data 
are  nearly  superimposible  and  may  suggest  that  the  increase  in  <jdc  observed  for  N2i  is 
independant  of  the  dopant  used. 


wt  %  CNF 

Figure  9.  DC  Conductivity  (odc)  vs.  wt  %  CNFs  for  PAni-pTsA  coated  CNFs  (N2i)  and  PAni-NSA- 
coated  CNFs  (N3i). 

3.5  The  DC  Conductivity  of  Polyaniline-Multiwalled  (Carbon) 
Nanotube  Nanocomposites 

Figure  10  shows  crdc  data  for  Nli  containing  various  wt  %  MWNT.  crdc  increases  linearly  with 
wt  %  MWNT,  exceeding  the  values  of  PAni-pTsA  or  MWNT  alone.  At  60  wt  %  MWNT, 
Nli  is  nearly  30  times  more  conductive  than  PAni  synthesized  under  the  same  conditions  and 
~4  times  more  than  MWNT.  Note  that  relatively  low  MWNT  loading  (i.e.,  ~20  %)  gives  a 
significant  increase  (10-fold)  in  conductivity  relative  to  PAni-pTsA.  This  behaviour  is 
clearly  different  from  the  percolation  behaviour  reported  for  a  poly{m-phenylenevinylene)-co- 
[(2,5-dioctyloxy-p-phenylene)vinylene]}-CNT  nanocomposite;  a  significant  rise  over  a  small 
change  in  wt  %  CNT  to  a  maximum  value  at  a  plateau  was  observed. [90] 
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Figure  10.  DC  Conductivity  (Gdc)  and  pellet  density  vs.  wt  %  MWNT  for  nanocomposite  Nli  (PAni-pTsA 
coated  MWNTs). 

Nanocomposites  Nle  were  also  prepared  by  ex  situ  mixing  of  PAni-pTsA  and  MWNT 
powders  at  varied  ratios  (see  section  2.1.2).  Examination  of  the  nanocomposite  powders  Nle 
by  SEM  showed  MWNT  fragments  adsorbed  to  the  surface  of  the  much  larger  PAni-pTsA 
particles  (Figure  11).  The  nanocomposites  Nle  were  more  conductive  than  PAni-pTsA,  but 
not  bulk  MWNTs.  For  example,  at  30  wt  %  MWNT,  <jdc  was  ~20  S/cm,  which  is  lower  than 
the  in  situ  nanocomposite  Nli  at  the  same  wt  %  MWNT  (Figure  10).  Furthermore,  at  high  wt 
%  MWNTs  (>40  %),  nanocomposite  pellets  were  brittle  and  difficult  to  keep  intact,  which 
was  not  the  case  for  pellets  of  the  in  situ  material.  Thus,  in  situ  coating  appears  to  furnish  a 
nanocomposite  powder  with  greater  bulk  (jdc  and  mechanical  properties. 
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Figure  11.  SEM  image  of  nanocomposite  powder  particles  of  Nle  (PAni-pTsA  ball-milled  with  MWNT). 

The  enhanced  odc  for  Nla  and  N2a  with  increasing  wt  %  carbon  clearly  is  not  characteristic  of 
a  percolative  network,  but  is  more  like  a  semi-interpenetrating  network  (SIPN). 
Interpenetrating  networks  characteristically  show  a  more  gradual  rise  in  conductivity  over  a 
greater  range  of  wt  %  conductive  component,  which  is  also  accompanied  by  an  increase  in 
material  density. [91]  For  nanocomposites  Nli  and  N2i,  less  conductive  PAni  effectively 
interpenetrates  the  voids  within  the  network  of  CNFs  and  MWNTs.  The  PAni  coating 
probably  helps  reduce  contact  resistance  between  the  intrinsically  more  conductive  CNFs  and 
MWNTs  by  facilitating  inter- tube/fibre  electron  transport  relative  to  void  spaces  of  air  in  the 
absence  of  PAni. 

3.6  Poly(methyl  methacrylate)  Composites 

Neither  PAni  nor  MWNTs  alone  are  suitable  for  coatings  materials  due  the  poor  mechanical 
properties  of  each  bulk  solid.  A  common  way  of  processing  PAni  or  MWNT  into  a  usable 
form  is  to  incorporate  them  into  another  insulating  polymeric  matrix  at  a  concentration  low 
enough  to  result  in  a  composite  that  improves  one  physical  property  of  the  final  composite, 
i.e.,  conductivity,  without  significantly  degrading  the  properties  of  the  matrix  polymer  (i.e., 
mechanical  properties). [32,33,44  49]  A  wide  range  of  matrix  polymers  have  been  used  for  both 
PAni  and  MWNT  composites.  PMMA  is  a  good  insulating  matrix  for  PAni[92  105]  and 
CNT[106  109]  composites  and  has  good  mechanical  properties  and  high  transparency. 

We  determined^  <  2.2  x  10'7  S/cm&Z  =  2.6  £r"  =  0.12,  and  tai$  =  0.046  for  PMMA. 


PMMA  composites  were  produced  using  a  procedure  similar  to  a  literature  report  (see  section 
2.2).[92]  PAni  and  MWNT  could  be  incorporated  into  PMMA  easily  by  powder  mixing  and 
melt  processing  to  yield  conductive  composites  with  low  percolation  thresholds  (pc ).  That  is, 
conducting  networks  within  the  PMMA  samples  form  at  low  wt  %  of  conductive  filler.  We 
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found pc s  for  PAni  and  MWNT  were  less  than  1  %  (Figure  12).  pc  for  CNFs  in  PMMA  was 
found  to  be  significantly  higher  (i.e.,  could  be  at  least  10  %). 
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Figure  12.  Plots  of  DC  conductivity  (odC)  vs.  wt  %  MWNTs,  PAni-pTsAI,  and  CNFs. 

Table  4  lists  the  microwave  properties  determined  for  various  PMMA  composites  containing 
PAnis  with  different  dopants  (9  wt  %).  PAni-pTsA  and  NSA  polymers  were  chosen  for 
further  studies  with  MWNTs  and  CNFs  because  they  gave  the  most  lossy  PMMA  composites 
(Table  4).  Note  that  PAni-pTsAI  and  2  are  different  batches  synthesized  under  the  same 
conditions. 

Table  4.  DC  conductivity  ( c>dc)  of  doped  PAni  powders  and  microwave  properties  of  PAni/PMMA 

composites  (9  wt  %  PAni)  at  10  GHz. 


dopant 

(1M) 

^dc 

pellet 

(S/cm) 

^dc 

PMMA 

composite 

(S/cm) 

crmw  (10  GHz) 
PMMA 
composite 
(S/cm) 

£r" 

Sy 

tan  5 

pTsAI 

2.3 

0.0950 

0.100 

17.8 

13.0 

1.4 

pTsA2 

3.6 

0.0500 

0.220 

39.4 

11.7 

3.4 

NSA 

6.6 

0.2200 

0.130 

23.3 

11.8 

2.0 

DBSA 

1.3 

- 

0.012 

2.3 

7.2 

0.3 

BSA 

4.4 

0.0010 

0.065 

11.6 

10.4 

1.1 

NDBSA 

0.5 

0.0002 

0.016 

6.3 

2.8 

0.5 

<jmw  -  microwave  conductivity,  s"-  imaginary  permittivity.  sr'  =  real  permittivity.  tanS  =  loss  tangent.  pTsA  =  para- 
toluene  sulfonic  acid.  NSA  =  2-naphthalene  sulfonic  acid.  DBSA  =  4-dodecylbenzene  sulfonic  acid.  BSA  =  benzene 
sulfonic  acid.  NDBSA  =  1 ,5-naphthalenedisulfonic  acid.  pTsAI  and  pTsA2  are  different  batches  synthesized  under 
the  same  conditions. 
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Figure  13  shows  a  representative  dielectric  spectrum  of  PAni/PMMA  composites.  For  all 
samples,  both  sr'  and  £r"  were  observed  to  decrease  with  increasing  frequency  from  8-12  GHz. 


Figure  13.  Dielectric  spectrum  showing  sr' and  s"  versus  X-band  microwave  frequency  for  PAni-pTsAI 
(9  wt%)  in  PMMA.  e/  -  real  permittivity,  e"  -  complex  permittivity. 
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Table  5  lists  the  PMMA  composites  incorporating  PAni,  MWNTs  and  CNFs.  Each  varies  in 
the  type  of  conductive  filler  present  in  the  insulating  PMMA  matrix.  The  total  amount  of 
conductive  filler  was  set  at  9  %  for  all  composites.  For  samples  containing  two  conductive 
components  the  ratio  of  each  was  varied  while  maintaining  a  total  of  9  wt  %  overall  (i.e.  for 
PCIMe,  PC2Me,  PC3Me,  and  PC15e). 

Table  5.  PMMA  composite  abbreviations  and  their  components 


Name 

Conductive  Filler(s) 

PCli 

Nli  (PAni-pTsA  coated  MWNTs) 

PC2i 

N2i  (PAni-pTsA  coated  CNFs) 

PC3Me 

PAni-pTsAI ,  MWNT 

PC4Me 

PAni-pTsA2,  MWNT 

PC5Me 

PAni-NSA,  MWNT 

PC6e 

PAni-pTsAI,  CNF 

All  PMMA  composites  contained  ~7.5  wt  %  hydroquinone.  The  total  amount  of  conductive  filler  in  each  composite 
was  9  wt  %.  PAni  =  Polyaniline,  pTsA  =  para-toluene  sulfonic  acid,  NSA  =  naphthalene  sulfonic  acid,  MWNT  = 
multiwalled  (carbon)  nanotubes,  CNF  =  carbon  nanofibres,  Nla  =  PAni-pTsA  coated  MWNTs  (in  situ),  N2a  = 
PAni-pTsA  coated  CNFs  (in  situ).  Note  that  PAni-pTsAI  and  PAni-pTsA2  are  two  different  batches  of  PAni-pTsA. 

a,  sr",  and  £r  1V  were  all  found  to  change  with  increasing  wt  %  MWNT  or  CNFs  for  PCli 
(Figure  14)  and  PC2i  (Figure  15),  respectively.  Microwave  absorption  reaches  a  minimum 
near  1  :  1  PAni :  MWNT  as  <jdc ,  £r'\  and  tanS all  reach  minimum  values.  Composites  PCli 
are  poorer  microwave  absorbers  than  PAni-pTsA/PMMA  or  MWNT/PMMA  composites, 
despite  the  fact  that  the  crdcs  of  the  fillers  Nli  or  N2i  are  higher  than  PAni-pTsA  or  MWNT 
(vide  supra).  The  observed  behaviour  is  less  surprising  for  N2i  because  CNF/PMMA 
composites  are  relatively  poor  microwave  absorbers  compared  to  PAni-pTsA/PMMA  or 
MWNT/PMMA. 


lv  Note  the  increase  for  sr’  with  increasing  wt  %  MWNT  all  PMMA  composites.  Increasing  capacitive 
effects  between  neighbouring  MWNTs  in  the  PMMA  matrix  may  be  one  explanation  for  this.  Similar 
effects  have  been  previously  suggested  to  be  due  to  the  increased  concentration  point  defects  on  the 
CNT  surfaces  (see  reference  21).  More  defects  will  be  present  at  higher  CNT  loadings. 
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A 
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Figure  14.  Dielectric  properties  of  composites  PCIi  as  a  function  of  wt  %  MWNT.  sr'  =  real  permittivity, 
s"  =  complex  permittivity.  tanS  =  loss  tangent,  g  -  conductivity. 


A  B 


Figure  15.  Dielectric  properties  of  composite  PC2i  as  a  function  of  wt  %  CNF.  sr' =  real  permittivity,  s" 
=  complex  permittivity.  tanS  =  loss  tangent,  g  =  conductivity. 

The  poor  microwave  absorption  by  PCIi  and  PC2i  is  probably  due  to  poorer  processibility 
(high  pc)  relative  to  PMMA  composites  containing  PAni-pTsA  or  MWNT  alone.  Coated 
MWNTs  (or  CNFs)  may  be  less  compatible  with  PMMA.  Poor  dispersion  of  the  fillers  Nli 
and  N2i  in  PMMA  may  be  because  these  powders  are  more  difficult  to  break  down  into 
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primary  particles.  Incompatibility  with  PMMA  may  cause  the  PAni  coated  MWNT  and  CNF 
particles  to  agglomerate  in  the  melt  to  the  extent  where  percolation  networks  have 
significantly  decomposed  and  gross  phase  separation  occurs. 

The  dielectric  properties  and  conductivities  of  PMMA  composites  containing  PAni-pTsA  and 
MWNTs  mixed  ex  situ  (i.e.,  PC3Me  and  PC4Me  in  Table  5)  at  9  wt  %  total  conductive  filler 
and  varied  ratios  of  PAni :  MWNT  are  shown  in  Figure  16.  Note  that  in  contrast  to 
composites  PCli  and  PC2i,  PAni  and  MWNT  were  combined  ex  situ  (see  experimental 
section  2.1.2).  Composites  PC3Me  and  PC4Me  showed  improved  microwave  absorption 
properties  relative  to  PAni-pTsA(l  or  2)/PMMA  or  MWNT/PMMA  composites.  <jdc,  £r'\  and 
£r  all  increase  with  increasing  wt  %  MWNTs,  while  tanS ’  reaches  a  maximum  when  PAni : 
MWNT  is  near  1:1. 
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Figure  16.  Dielectric  properties  and  conductivities  of  composite  PC3Me  (A  and  B)  and  PC4Me  (C  and 
D).  sr  =  real  permittivity.  sr"  -  complex  permittivity.  tanS=  loss  tangent.  <j-  conductivity. 

The  magnitude  of  the  increase  in  tan  8 compared  to  composites  containing  only  PAni  or 
MWNT  depends  on  the  microwave  absorbing  properties  of  the  PAni  used.  When 
PAni-pTsAl  and  MWNT  are  mixed  at  the  optimum  ratio,  faw^increases  to  3.34,  which  is 
over  double  that  of  PAni-pTsAl  (1.37)  and  slightly  more  than  MWNT  (3.01).  PAni-pTsA2 
and  MWNT  mixed  at  an  optimum  ratio  gives  tanS as  high  as  8.26,  which  is  2.5  times 
PAni-pTsA2  alone  and  almost  3  times  MWNT.  Finally,  this  effect  is  not  limited  to 
PAni-pTsA;  PAni-NSA  and  MWNT  at  an  optimum  ratio  gave  tanS  of  4.5,  which  is  nearly  3 
times  PAni-NSA  or  1.5  times  the  tanS  for  MWNT  (Figure  17).  The  enhanced  absorption  at 
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10  GHz  is  probably  due  to  the  formation  of  fine  conductive  paths  of  MWNTs  within  the  voids 
of  the  percolation  network  of  larger  PAni  particles. 

B 


Figure  17.  Dielectric  properties  of  composites  PC5Me  (PAni -NS A  mixed  with  MWNTs  ex  situ )  as  a 
function  of  wt  %  MWNT.  sr'  -  real  permittivity,  s"  =  complex  permittivity.  tanS  =  loss  tangent,  o - 
conductivity. 

The  enhanced  microwave  absorption  for  the  composites  PC3Me,  PC4Me,  and  PC5Me  is 
unexpected.  Near  50  wt  %  MWNT  measured  values  are  significantly  different  than 
interpolated  values  assuming  linear  mixing.  For  example,  assuming  linear  mixing  for  PC5Me 
(50  wt  %  MWNT)  a  tanS  of  1.84  is  expected,  which  is  lower  than  the  value  measured  (4.41). 
Similarly,  the  predicted  tanSv alues  are  also  lower  for  PC3Me  and  PC4Me. 

Table  6  lists  the  measured  dielectric  parameters  for  PMMA  composites  containing  PAni, 
CNTs,  and  PAni  +  CNTs  (PAni  :  CNT  ~  1  :  1).  For  ex  situ  mixed  composites  containing  both 
PAni  and  CNTs,  theoretical  values  are  also  listed,  which  were  calculated  from  the  sum  of  the 
values  from  the  two  PMMA  composites  containing  PAni  and  CNTs  alone  (Table  6).  The 
measured  values  are  all  greater  than  the  predicted  values  by  at  least  a  factor  of  2.  Similar 
results  were  obtained  when  PAni  was  mixed  with  MWNTs  from  another  source,  Nanocyl  SA. 
SWNTs  from  Carbolex  did  not  result  in  any  enhancement  of  the  microwave  properties  when 
combined  with  PAni-NSA.  Similar  significant  enhancements  in  the  microwave  absorption  by 
PAni-MWNT/PMMA  composites  were  also  observed  in  preliminary  experiments  using 
DBSA,  SDS,  and  NDBSA  doped  PAni.v 


v  Makeiff,  D.  A.  Unpublished  results. 


DRDC  Atlantic  TM  2004  -  124 


25 


Table  6.  Dielectric  properties  of  PM M A  composites  containing  PAni,  CNT,  and  PAni  +  CNT  at  10  GHz 


Sample 

s" 

s' 

tanS 

MWNT  (Aldrich) 

9.31 

7.3 

1.3 

MWNT  (Nanocyl  SA) 

30.7 

11.6 

2.7 

SWNT  (Carbolex) 

3.5 

5.7 

0.6 

PAni-pTsAI 

11.6 

8.4 

1.4 

PCMe3,  PAni-pTsAI  +  MWNT  (Aldrich)' 

20.9 

15.7 

1.3 

PCMe3,  PAni-pTsAI  +  MWNT  (Aldrich)"1 

78.6 

23.5 

3.3 

PAni-pTsA2 

39.4 

11.7 

3.4 

PCMe4,  PAni-pTsA2  +  MWNT  (Aldrich)1 

48.7 

19.0 

2.6 

PCMe4,  PAni-pTsA2  +  MWNT  (Aldrichf 

82.5 

10.0 

8.3 

PAni-NSA 

3.71 

5.6 

0.7 

PCMe5,  PAni-NSA  +  MWNT  (Aldrich)1 

13.0 

12.9 

1.0 

PCMe5,  PAni-NSA  +  MWNT  (Aldrichf 

37.7 

8.6 

4.4 

PAni-NSA  +  MWNT  (Nanocyl  SA)* 

34.4 

20.2 

1.7 

PAni-NSA  +  MWNT  (Nanocyl  SAf 

54.4 

15.7 

3.5 

PAni-NSA  +  SWNT  (Carbolex)1 

7.2 

11.3 

0.6 

PAni-NSA  +  SWNT  (Carbolexf 

4.7 

7.1 

0.7 

‘theoretical.  mmeasured.  MWNT  =  multiwalled  (carbon)  nanotubes.  SWNT  =  singlewalled  (carbon)  nanotubes.  PAni 
=  polyaniline.  pTsA  =  para-toluenesulfonic  acid.  NSA  =  2-naphthalenesulfonic  acid.  For  each  composite,  the  wt  % 
of  PAni,  MWNT,  or  SWNT  was  always  -4.5  %. 


Composites  containing  ex  situ  mixed  PAni-pTsA  and  CNFs  (i.e.,  PC6e  in  Table  5)  did  not 
show  improved  electrical  or  microwave  absorbing  properties  (Figure  18).  er\  sr'\  and  tanS do 
not  change  much  upon  varying  the  ratio  of  PAni :  CNF.  This  is  not  surprising  as 
CNFs  in  PMMA  show  relatively  poor  microwave  absorption.  Composites  PC3Me,  PC4Me 
and  PC5Me  may  be  better  microwave  absorbers  because  MWNTs  and  PMMA  are  more 
compatible  than  CNFs  and  PMMA;  CNFs  have  a  higher  percolation  threshold  (Figure  15). 
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Figure  18.  Dielectric  properties  of  PC6e  (PAni-pTsAI  mixed  with  CNF  ex  situ)  as  a  function  ofwt% 
CNF.  sr'  =  real  permittivity,  e"  =  complex  permittivity.  tanS  =  loss  tangent,  u  =  conductivity. 

3.7  Conclusions 

We  successfully  synthesized  PAni-MWNT  (and  CNF)  nanocomposites  using  a  procedure 
similar  to  one  already  reported.  This  is  the  first  report  of  PAni-MWNT  nanocomposites 
incorporating  pTsA  and  NSA  dopants.  Most  other  reported  PAni-CNT  nanocomposites 
involve  mineral  acid  dopants. 

SEM  and  TEM  images  of  the  PAni-MWNT  (and  CNF)  nanocomposites  showed  nano-tubular 
structures  with  a  rough  exterior  coated  with  free  PAni  particulate.  This  strongly  suggests 
that  PAni  prefers  to  nucleate  on  the  graphite  surfaces  of  CNTs  and  CNFs  rather  than  in 
solution.  Polymerization  is  speculated  to  first  occur  by  the  secondary  amine  functionalization 
of  the  carbon  nanostructure  (CNS)  surfaces  via  reaction  with  anilinium  radical  cations  or 
oligomers  (Figure  19).[82]  Bonding  interactions  between  the  surfaces  of  MWNTs  and  CNFs 
were  detected  by  IR  spectroscopy. 
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Figure  19.  Charge  transfer  complex  formation  between  aniline  and  the  graphitic  carbon  nanostructure 
(CNS)  surface,  and  subsequent  secondary  amine  functionalization. 

The  PAni-CNS  nanocomposite  powders  synthesized  for  this  report  did  display  higher  crdc 
than  PAni,  MWNT,  or  CNF  powders  alone.  crdc  values  reaching  30  and  70  S/cm  were 
observed  for  PAni-CNF  and  MWNT,  respectively.  These  values  may  be  further  improved 
upon  by  optimizing  conditions  for  in  situ  PAni  polymerization  or  by  using  higher  quality 
MWNTs  (or  CNFs)  that  possess  fewer  structural  defects.  Polymerization  of  PAni  on  MWNTs 
is  feasible  for  attaining  a  nanocomposite  with  higher  conductivity  at  a  reduced  cost;  the  mass 
of  inexpensive  PAni  replaces  mass  of  commercially  expensive  MWNTs. 

PMMA  composites  containing  PAni  and  MWNTs  prepared  in  this  report  had  good 
conductivity  at  low  percolation  thresholds  (i.e.,  between  0.01  and  1.0  S/cm).  PMMA 
composites  containing  CNFs  or  in  situ  PAni-MWNT  or  PAni-CNF  had  relatively  low 
conductivity  and  high  percolation  thresholds.  As  a  result,  CNF/PMMA,  in  situ 
PAni-MWNT/PMMA,  and  in  situ  PAni-CNF/PMMA  were  determined  to  be  poorer 
microwave  absorbers  than  PAni  or  MWNTs,  despite  the  higher  odc  of  neat  PAni-MWNT  and 
PAni-CNF  powders.  The  increase  in  nanostructure  diameter  with  a  PAni  coating  probably 
reduces  the  ability  to  obtain  a  fine  dispersion.  Furthermore,  the  PAni  coated  carbon 
nanostructures  are  more  difficult  to  fragment  into  individual  nano-sized  pieces.  Poor 
matrix  compatibility  between  in  situ  PAni-MWNT/CNF  fillers  may  also  be  an  issue. 

More  detailed  microscopy  studies  may  provide  confirmation  of  this. 


Finally,  improved  microwave  absorption  was  found  for  PMMA  composites  containing  both 
PAni  and  MWNTs  (i.e.,  mixed  ex  situ),  compared  to  PAni/PMMA  or  MWNT/PMMA.  At  9 
wt  %  of  total  conductive  filler  (PAni  and  MWNT),  the  maximum  microwave  absorption 
occurs  near  a  ratio  of  1  :  1  PAni  :  MWNT.  The  microwave  properties  of  these  ex  situ 
composites  can  be  modulated,  either  by  increasing  wt  %  of  total  PAni  and  MWNTs,  or  by 
varying  the  ratio  of  PAni :  MWNT  at  a  fixed  total  wt  %.  These  enhanced  properties  may  be  a 
result  of  the  mechanism  of  dispersing  of  PAni  and  MWNTs  within  the  PMMA  matrix. 
Dispersion  appears  to  be  facilitated  by  adsorption  of  MWNTs  to  larger  Pani  and  PMMA 
particulates  prior  to  melt  processing.  We  observed  adsorption  of  MWNTs  to  PAni  for  this 
work,  while  adsorption  of  MWNTs  to  PMMA  has  been  reported  by  others  elsewhere. [109] 
Maximum  microwave  absorption  may  be  due  to  optimal  adsorption  of  MWNTs  to  the  larger 
PAni  and  PMMA  particles,  which  is  probably  when  the  ratio  of  PAni :  MWNT  is  1  :  1. 

The  preliminary  results  in  this  report  suggest  that  PMMA  composites  containing  PAni  and 
MWNTs  mixed  ex  situ  have  potential  as  microwave  absorbers  for  RAM  applications. 
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Further  work  is  currently  underway  to  optimize  conditions  for  synthesizing  PAni-ESs  with  the 
highest  possible  permittivity  values  in  PMMA  composites,  and  to  combine  them  with 
MWNTs. 
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List  of  symbols/abbreviations/acronyms/initialisms 


APS 

BSA 

CNT 

CNF 

CNS 

CSA 

DBSA 

DND 

EB 

8* 

S’ 

sM 

ES 

ex  situ 

FT-IR 

h 

in  situ 

GHz 

LB 

min 

MWNT 


ammonium  persulfate 
benzenesulfonic  acid 
carbon  nanotube  (general) 
carbon  nanofibre 
carbon  nanostructure 
camphor  sulfonic  acid 
dodecylbenzenesulfonic  acid 
Department  of  National  Defence 
emeraldine  base 
complex  permittivity 
real  permittivity 
imaginary  permittivity 
emeraldine  salt 

Latin  meaning  out  of  the  natural  or  original  position  or  place  (i.e. 
outside/after  a  reaction) 

Fourier  Transform  Infrared  (Spectroscopy) 

hours 

Latin  meaning  “in  the  natural  or  original  position  or  place”  (i.e.  directly 
in/during  a  reaction) 

Giga  Hertz 

leucoemeraldine  base 

minutes 

multiwalled  (carbon)  nanotube 
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NT 

NSA 

NDBSA 

Nli 

N2i 

N3i 

Nle 

N2e 

^"dc 

^mw 

^ac 

PAni 

PB 

Pc 

PMMA 
pTsA 
SEM 
SWNT 
tanS 
TEM 
vide  infra 
vide  supra 


nanotube 

2-naphthalene  sulfonic  acid 
1,5-naphthalenedisulfonic  acid 

polyaniline-para-toluenesulfonate  coated  multiwalled  (carbon)  nanotube 
nanocomposites 

polyaniline-para-toluene  sulfonate  coated  carbon  nanofibre 
nanocomposites 

polyaniline-2-naphthalenesulfonate  coated  carbon  nanofibre 
nanocomposites 

polyaniline-para-toluenesulfonate  mixed  with  multiwalled  (carbon) 
nanotubes 

polyaniline-para-toluenesulfonate  mixed  with  carbon  nanofibres 
DC  conductivity 

microwave  conductivity  (10  GHz) 

AC  conductivity 
polyaniline 
pemigraniline  base 
percolation  threshold 
poly(methyl  methacrylate) 
p>ara-toluenesulfonic  acid 
scanning  electron  microscopy 
singlewalled  (carbon)  nanotube 
loss  tangent 

transmission  electron  microscopy 
Latin  meaning  “see  below” 

Latin  meaning  “see  above” 
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et  de  NFC  recouvertes  de  polyaniline  (PAni-NFC)  ont  egalement  ete  incorpores  comme  agents  conducteurs 
dans  la  matrice  isolante  de  PMMA  pour  produire  un  materiau  composite  rigide  et  conducteur  ayant  une 
forme  bien  definie.  Les  proprietes  hyperfrequence  de  ces  composites  ont  ete  examinees  en  determinant  la 
permittivite  complexe  a  partir  de  mesures  de  transmission  et  de  reflexion  a  l’aide  d’un  guide  d’ondes  dans  la 
bande  X  (8-12  GHz).  Les  composites  de  PMMA  contenant  des  PAni-NTMP  ou  des  PAni-NFC  se  sont 
reveles  etre  de  moins  bons  absorbeurs  de  micro-ondes  que  les  composites  contenant  de  la  polyaniline  ou  des 
NTMP  seulement,  alors  que  les  composites  de  PMMA  contenant  de  la  polyaniline  et  des  NTMP  melanges 
ex  situl  se  sont  reveles  etre  de  meilleurs  absorbeurs  de  micro-ondes. 
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